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Abstract: Type II topoisomerase enzymes are essential for resolving DNA topology problems arising
through various aspects of DNA metabolism. In vertebrates two isoforms are present, one of which
(TOP2A) accumulates on chromatin during mitosis. Moreover, TOP2A targets the mitotic centromere
during prophase, persisting there until anaphase onset. It is the catalytically-dispensable C-terminal
domain of TOP2 that is crucial in determining this isoform-specific behaviour. In this study we
show that, in addition to the recently identified chromatin tether domain, several other features of
the alpha-C-Terminal Domain (CTD). influence the mitotic localisation of TOP2A. Lysine 1240 is
a major SUMOylation target in cycling human cells and the efficiency of this modification appears
to be influenced by T1244 and S1247 phosphorylation. Replacement of K1240 by arginine results in
fewer cells displaying centromeric TOP2A accumulation during prometaphase-metaphase. The same
phenotype is displayed by cells expressing TOP2A in which either of the mitotic phosphorylation
sites S1213 or S1247 has been substituted by alanine. Conversely, constitutive modification of TOP2A
by fusion to SUMO2 exerts the opposite effect. FRAP analysis of protein mobility indicates that
post-translational modification of TOP2A can influence the enzyme’s residence time on mitotic
chromatin, as well as its subcellular localisation.
Keywords: topoisomerase II alpha; centromere; mitosis; chromosome; C-terminal domain;
post-translational modification; SUMO; phosphorylation
1. Introduction
Type II Topoisomerases (TOP2) can pass one segment of DNA duplex through a transient
double-strand break in a second segment in an ATP-dependent catalytic process. This allows the
enzyme to resolve DNA topology issues arising during DNA replication and repair, transcription,
chromatin remodelling and during chromosome compaction and segregation [1]. In eukaryotes
the functional enzyme is formed through dimerization of TOP2 monomers, giving a structure that
has three protein interfaces: the N-terminal ATPase gate (consisting of the ATPase and transducer
domains); the DNA-binding gate (consisting of the TOPRIM domain, the Winged Helix Domain
(with the active site tyrosine, Y805) and the Tower domain); and the C-gate (formed by the coiled-coil
domain) [2–4]. The structure of these parts of the TOP2 dimer has been extensively investigated
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through X-ray crystallography [5–7]. However, outside this catalytic core, the enzyme has a less
conserved, catalytically-dispensable subdomain, the C-Terminal Domain (CTD). The eukaryotic CTD
has not been crystallised and appears to be structurally disordered.
In vertebrates two isoforms of TOP2 exist, alpha and beta, encoded by separate genes [8–10].
Many of the key differences between the two isoforms are determined by their distinct CTDs [11,12].
The start of the CTD in human TOP2A has been placed variously at residue 1173 up to amino acid
1244, depending on whether sequence alignment or partial proteolysis, has been used to define
it [11–13]. This region of the protein is required for its nuclear localisation [14,15], has been shown
to modulate the enzyme’s activity [12,16,17] and to be responsible for the preference of the alpha
isoform for relaxing positively-supercoiled DNA [18–20]. TOP2 (TOP2A in vertebrates) associates
dynamically with chromosome arms throughout mitosis and is found concentrated at centromeres
from prophase through until anaphase onset [21–27]. In vertebrates, the alpha-CTD is responsible for
TOP2A targeting mitotic chromatin [11,28] and for facilitating the recruitment of specific proteins to
the mitotic centromere [29,30].
The alpha-CTD has several clusters of positively-charged amino acids (lysine and arginine
residues), which may influence the protein’s association with negatively-charged DNA [31]. One
cluster, near the C-terminus of human TOP2A (amino acids 1490–1492), is part of a functional bipartite
nuclear localisation signal (NLS) [14,15,32], while lysines within the extreme C-terminal 31 amino
acids (1501–1531) form part of the more recently identified chromatin tether domain (ChT), that is
essential for TOP2A to interact robustly with chromosomes in mitosis [28].
The CTD is rich in residues subject to modification, with multiple sites of phosphorylation,
SUMOylation, ubiquitination and acetylation identified [13,33] (PhosphositePlus database url: https:
//www.phosphosite.org). This may partly reflect the disordered and accessible nature of this protein
domain [34–36]. TOP2 post-translational modifications have been found to influence its catalytic
activity, protein stability and subcellular distribution [37]. For example, work using Xenopus egg
extracts (XEE) has shown that Top2a is a major SUMOylation target during mitosis, with the modified
protein concentrated at the centromere [38–40]. Subsequently SUMOylation of specific acceptor sites
within the Xenopus Top2a CTD was shown to influence Claspin and Haspin Kinase recruitment to the
mitotic vertebrate chromosome [29,30]. Further evidence, for CTD SUMOylation being involved in
the recruitment of Haspin Kinase and of Aurora B Kinase, has come from studies in S.cerevisiae [41].
Meanwhile work in human cell lines and in transgenic mice, has shown that perturbations in SUMO
ligase activity and disruption of TOP2A SUMOylation, reduces chromosome segregation fidelity [27,42].
However, the molecular mechanisms underlying these effects remain unknown. Given the large
number of modifiable sites and their potential for cross-talk, the dynamic combination of modifications
present on different pools of TOP2 molecules through the cell cycle is likely to be highly complex and
its biological significance is, as yet, largely unexplored.
Here we show that post-translational modification of specific residues within the CTD influences
the behaviour of human TOP2A in mitosis: SUMOylation and phosphorylation impact on the dynamic
exchange of TOP2A on mitotic chromatin and on the efficiency with which the protein is maintained
at the centromere as cells progress towards anaphase onset.
2. Results
2.1. The Impact of Internal Deletion of the CTD on Localisation of TOP2A to Mitotic Chromatin
Previous work has shown that the CTD of human TOP2A (residues 1173–1531) is required for
efficient localisation to mitotic chromatin [11]. Subsequently Clarke and colleagues demonstrated that
the most distal 31 amino acids, as well as encompassing the main nuclear localisation signal (NLS), are
crucial for localisation to mitotic chromatin. They designated this component the chromatin tether
(ChT). However, they also concluded that, while important, the ChT does not function in isolation and
that other parts of the CTD contribute to the protein’s robust localisation to mitotic chromosomes [28].
Int. J. Mol. Sci. 2019, 20, 1238 3 of 25
Stable human cell lines were established expressing internally deleted forms of human TOP2A
(Figure 1a). The parent cell line was a HT1080 conditional null mutant, HTETOP. In these cells both
endogenous TOP2A alleles have been disrupted and expression of an exogenous wild type (WT)
TOP2A cDNA is controlled by a Tet transactivator (tTA) [43]. This allows the wild type transgene’s
expression to be repressed by doxycycline (dox), with TOP2A protein levels falling to <1% over
3–4 days, with lethal consequences [43–45]. The parent cell line was transfected with expression
constructs encoding several, internally deleted, forms of TOP2A tagged at the N-terminus with the
Flag epitope. In each case the constitutively-expressed mutant retained the terminal amino acids
1447–1531, which encompass the main NLS [14,32] and the ChT domain [28]. Stable transfectants were
established in the absence of doxycycline (i.e., expressing the untagged full length TOP2A protein)
and the presence of the Flag-tagged protein was confirmed by immunoblotting (Figure 1b). The ability
of mutant protein to rescue established clones from dox-induced lethality was then assessed.
The most extensively deleted form of TOP2A tested (FT∆2), in which residues 1174–1446 had
been removed, was found not to complement loss of full length TOP2A in HTETOP cells (Figure 1b,
Table 1). Immunofluorescence revealed that nuclear localisation and mitotic chromatin association
of this variant were both severely compromised, despite it retaining the major NLS and ChT domain
(Figure 1c). This mislocalisation was observed irrespective of whether cells were grown in the absence,
or presence (48 h), of doxycycline. This suggests that deletion of amino acids extending as far proximal
as residue 1174 disrupts the overall function of the enzyme, possibly by impinging on the structure of
the C-gate formed by the coiled coil region [13].
Stable cell lines were generated expressing variants with smaller internal deletions, spanning
residues 1212–1446 (FT∆5) and 1321–1446 (FT∆3). Both variants complement loss of full length
TOP2A, showing that the mutant homodimers are catalytically active in vivo. This is consistent with
previous reports of stable HTETOP transfectants rescued from dox-lethality by expression of a TOP2A
variant truncated at residue 1201, while retaining the main NLS (residues 1454 to 1497) [17]. It is
also consistent with truncation of the S.cerevisiae top2 protein at 1209 (equivalent to reside 1217 in
human TOP2A). This truncated yeast protein has been reported as normal, when examined using
electron microscopy and is active in vivo, complementing top2 loss [46,47]. When FT∆3 and FT∆5
cells were examined using immunofluorescence both variants displayed normal nuclear localisation
(Figure 1c). In mitosis, the ∆3 form was found to accumulate on chromatin, displaying an axial
distribution and punctate staining at centromeres comparable to full length TOP2A, irrespective of the
presence/absence of doxycycline. In FT∆5 cells localisation to mitotic chromatin was disrupted: in the
presence of doxycycline the variant was diffusely associated with chromatin, while in the presence of
full length TOP2A (-dox) the Flag-tagged variant was largely cytosolic. This suggests that deletion of
residues 1212-1446 disrupts the targeting of TOP2A to mitotic chromatin, a phenotype compounded
by the presence of full length TOP2A.
Overall these results suggest that multiple sequences within the CTD contribute to the robust
mitotic localisation of TOP2A, including residues within the proximal part of the domain (amino acids
1212–1320) (Table 1).
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Figure 1. The impact of internal deletions of the CTD on the mitotic localisation of TOP2A (a) 
Schematic of human TOP2A showing the domain structure: the N-terminal ATPase gate (consisting 
of the ATPase and transducer domains); the DNA-binding gate (consisting of the TOPRIM domain, 
the Winged Helix Domain (with the active site tyrosine 805) and the Tower domain); the C-gate 
(formed by the coiled-coil domain); and the unstructured C-Terminal Domain (CTD). Shown below 
are the internally deleted variants analysed. In each the terminal amino acids 1447–1531, which 
encompass the main nuclear localisation signal (NLS) and the chromatin tether domain (ChT) are 
retained. (b) Western blotting of whole cell lysates from HTETOP-derived transfectants stably 
expressing Flag-tagged TOP2A, either full length (FT) or internally deleted variants (FTΔ2, Δ3 and 
Figure 1. The impact of internal deletions of the CTD on the mitotic localisation of TOP2A (a) Schematic
of human TOP2A showing the domain structure: the N-terminal ATPase gate (consisting of the ATPase
and transducer domains); the DNA-binding gate (consisting of t e TOPRIM domain, the Winged Helix
Domain (with the active site tyrosine 805) and the Tower domain); the C-gate (formed by the coiled-coil
domain); and the unstructured C-Terminal Domain (CTD). Shown below are the internally deleted
variants analysed. In each the terminal amino acids 1447–1531, which encompass the main nuclear
localisation signal (NLS) and the chromatin tether domain (ChT) are retained. (b) Western blotting of
whole cell lysates from HTETOP-derived transfectants stably expressing Flag-tagged TOP2A, either
full length (FT) or internally deleted variants (FT∆2, ∆3 and ∆5). The antigen recognised by the TOP2A
isoform-specific antibody is retained in all variants. Transfectants have been grown in the presence or
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absence, of doxycycline. The full length untagged TOP2A protein (~170 KDa.) present in the parental
HTETOP cells is transcribed under a tet-regulatable promoter and is suppressed by doxycycline, while
the Flag-tagged versions of the protein (expressed under a CMV promoter) are unaffected (indicated
by “>”). LC = an unidentified protein detected by the TOP2A antibody and described previously [45].
(c) Immunofluorescence localisation of the internally deleted forms of TOP2A in interphase and
mitotic cells of stable transfectants, detected using an anti-Flag antibody (green), shown alongside cells
expressing the Flag-tagged full length protein (FT). DNA has been counterstained with DAPI (blue). FT
(Flag:TOP2A WT) and FT∆3 cells are shown grown in the presence of dox (the localisation phenotypes
were unchanged in the absence of dox/presence of untagged TOP2A WT protein). The FT∆2 cells
shown had been passaged in the absence of dox (long term growth in doxycycline is lethal). FT∆5 cells
grown in both the presence or absence, of dox are shown. This variant localises normally to the nucleus
but its targeting of mitotic chromatin is perturbed. This disruption is especially severe in the presence
of full length TOP2A protein, where the Flag-tagged variant appears largely cytosolic. Scale bar, 10 µm.
Table 1. Summary of the impact of CTD deletions on Flag:TOP2A localisation and ability to complement
dox-induced lethality in stably transfected HTETOP cells.
Expression
Construct
Residues
Deleted
Complementation
(Growth in Dox)
TOP2A Localisation *
Interphase M Phase
FT (Flag:TOP2A) none Y Nuc Arm + cen
FT∆2 1173–1446 N N + C diffuse
FT∆3 1321–1446 Y Nuc Arm + cen
FT∆5 1212–1446 Y Nuc diffuse
Complementation was assessed by long term cell growth in doxycycline, which represses expression of the untagged
full length TOP2A transgene. * the localisation pattern was found to be the same irrespective of the presence/absence
of full length TOP2A (−/+ dox) except for the FT∆5 variant, whose diffuse localisation to mitotic chromatin was
even more severely disrupted by the presence of full length TOP2A. Nuc, nuclear; N + C, nuclear & cytoplasmic;
arm + cen, localisation to mitotic chromatin with frequent axial arm and punctate centromere staining; diffuse,
throughout mitotic cell with little/no accumulation on mitotic chromatin.
2.2. Candidate SUMOylation Sites within the TOP2A C-Terminal Region (CTR)
Mass spectrometry studies have reported candidate SUMO acceptor sites throughout TOP2A,
including many in the CTD (PhosphositePlus database: https://www.phosphosite.org/). Using
this information, together with SUMO site prediction software (SUMOsp 2.0 [48,49] and SUMOplot
(SUMOplot Analysis Program, https://www.abgent.com/tools)) eleven candidate acceptor lysines
within the C-terminal region of TOP2A were selected and replaced by arginine and the impact of
these substitutions on TOP2A SUMOylation assayed through Hek-293T transient transfection and
immunoblotting. Since SUMOylation is a highly dynamic process and, like most SUMO targets, only
a minor TOP2A fraction is SUMOylated at any moment in time [38,39,42,50–52] steps were taken
to enhance the sensitivity of the assay: (i) the ectopically expressed proteins were tagged: SUMO
peptides with either Haemagglutinin (HA) or Green Fluorescent protein (GFP) and TOP2A with Flag;
(ii) a general inhibitor of cysteine proteases, N-ethylmaleimide and (iii) Q90P variants of SUMO2
and SUMO3 were used [53], to slow down de-conjugation; and (iv) since TOP2A is a relatively large
protein (~170 KDa) the assay focussed on the C-terminal third (amino acids 971–1531).
Plasmid DNAs encoding epitope-tagged SUMO1, SUMO2 or SUMO3 were co-transfected with
DNA encoding the Flag-tagged C-terminal 560 residues of TOP2A (referred to here as the CTR
to distinguish it from the CTD defined by proteolysis and sequence conservation) (Figure 2a).
Immunoblotting, using an anti-Flag antibody, revealed the TOP2A CTR (~100 KDa), together with
a ladder of higher molecular weight (HMW) products (Figure 2b,c). This ladder was detected when
the CTR expression construct was co-transfected with either SUMO1, 2 or 3 but differed slightly
depending on whether the SUMO moiety (~90 amino acids) had been tagged with the 9 amino acid
HA epitope or with Green Fluorescent protein (GFP, 238 amino acids) (Figure 2b–d). In the absence of
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any ectopically expressed SUMO a weak ladder of HMW forms of the CTR was detected, reflecting
low level conjugation involving the endogenous pool of SUMO peptides (Figure 2c). The HMW ladder
detected with co-expressed HA:SUMO has a similar pattern of regularly spaced but more intense,
bands consistent with the attachment of multiples of the SUMO moiety [54]. For GFP-tagged SUMO
the ladder is less regular, with bands varying in strength. This may be due to GFP (which is more
than twice the size of the SUMO peptide) interfering, to some extent, with SUMOylation, as well as
conjugation of endogenous SUMO peptides (15–20 KDa) occurring alongside GFP:SUMO (~40 KDa).
Bands of ~140 and 180 KDa are apparent, consistent with attachment of one and two GFP:SUMO
units respectively.
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. A saying the biological importance of potential SUMO acceptor sites w thin the TOP2A
C-terminal region (CTR) by Hek-293T transient transfection. (a) Schematic of residu tested within
the TOP2A CTR. (b,c) Representative i munoblots probed with anti-Flag antibody. hole cell t t
repared 24–48 h post-transfection and resolved on 3–8% Tris-Acetat gradient gels. (b) Cells were
co-transfected with Flag:CTR and either eGFP:SUMO1/3 or HA:SUMO2. (c) Cells were co-transf cted
with HA:SUMO2 and either WT or 11xKR-substituted CTR. In (b,c) samples in paired lanes (e.g., lanes 1
& 2, 3 & 4, 5 & 6) were from independently transfected wells from the same experiment. (d) eGFP:SUMO
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(or eGFP alone) and Flag:CTR co-transfected samples were subjected to GFP immunoprecipitation and
detected using anti-Flag antibody. Input cell lysates were resolved on an 8% Tris-Glycine SDS-PAGE
gel and IP samples on a 3–8% Tris-Acetate gradient gel. The samples in paired lanes are duplicates.
(e) Graph showing levels of HMW Flag:CTR products relative to the unmodified ~100 KDa. Flag:CTR
in cells expressing endogenous SUMO only or various forms of HA:SUMO (SUMO1 WT, SUMO2 WT
or SUMO2 Q90P). For each transient transfection multiple independent experiments were undertaken
(n, 3–6). Errors bars represent s.e.m. (f) Effect of selected K/R substitutions on CTR SUMOylation levels
following co-expression with HA:SUMO2 Q90P. Levels were assessed by fluorescence immunoblotting
and quantitation of the HMW Flag:CTR ladder relative to the unmodified ~100 KDa CTR. The value
for each K/R-substituted CTR was normalised against the mean WT CTR value (n8, un-matched). For
each variant, multiple independent experiments were undertaken (n, 2–8), with multiple replicates of
each sample analysed. (g) Effect of selected phosphosite mutations on CTR SUMOylation following
co-expression with HA:SUMO2 Q90P. Levels were estimated by fluorescence immunoblotting and
quantitation of the HMW Flag:CTR ladder relative to the unmodified ~100 KDa CTR. The value for each
CTR variant was normalised against the WT CTR value from within the same experiment (matched).
For each variant, multiple independent experiments were undertaken (n, 4–9), with multiple replicates
of each sample analysed. In (f,g) Error bars represent s.e.m. Significance was calculated by performing
an ANOVA analysis to compare all samples to WT with the P value corrected using the Holm-Sidak’s
multiple comparisons test. **** p < 0.0001, *** p = 0.0001–0.001, ** p = 0.001–0.01.
To demonstrate directly that the HMW bands represent SUMOylated forms of the TOP2A CTR,
GFP immunoprecipitations were performed on cells co-transfected with Flag-tagged CTR and either
eGFP alone or eGFP-tagged SUMO3. Western blotting of the immunoprecipitated samples with
anti-Flag antibody established that the TOP2A CTR is SUMOylated during transient transfection of
HEK-293T cells (Figure 2d). As discussed previously, the presence of some weaker intensity bands
within the Flag:CTR ladder may reflect molecules modified by a mix of endogenous SUMO and ectopic
GFP:SUMO moieties. In addition, since the CTR retains dimerization capacity, some molecules lacking
attached SUMO/GFP:SUMO may be immunoprecipitated as a result of heterodimerisation between
modified and unmodified substrate molecules.
Fluorescence immunoblotting was used to quantitate the ladder of HMW forms relative to the
unmodified ~100 KDa. Flag:CTR. Levels were estimated in the absence (endogenous SUMO only) and
presence of various forms of HA-tagged SUMO. In the presence of ectopically-expressed SUMO1 or
SUMO2 the ratio of the HMW ladder relative to the unmodified Flag:CTR was ~4–6-fold greater than
that detected for the endogenous SUMO-only control (Figure 2e).
Transient expression of HA-tagged SUMO2 Q90P was used to determine whether mutating
putative SUMO acceptor sites impacts on modification of the CTR. When the CTR domain contained
arginine substitutions at all eleven selected lysines (11× KR) its SUMOylation was reduced to ~13%
that of the wild type CTR (Figure 2c,f). A substantial portion of this effect could be accounted for by
mutating K1240, either alone (36% of WT) or in combination with the three adjacent lysines, K1228,
K1264 and K1267 (17–31% of WT) (Figure 2f). While sites other than K1240 were not tested individually,
these data indicate that K1240 acts as a major TOP2A SUMO acceptor site when the CTR is transiently
overexpressed in cultured human cells.
2.3. SUMO-Phospho Cross Talk
The peptide sequence flanking K1240 includes downstream threonine and serine residues
(IKENENTEGSP) (Figure 2a). This is of interest because an extended SUMO consensus sequence,
φKxExxSP, has been identified in several proteins that are substrates for both SUMO conjugation
and proline-directed kinases [55,56]. Moreover, TOP2A peptides simultaneously SUMOylated at
K1240 and phosphorylated at S1247 have been reported in mass spectrometry screens [36,57,58]. Both
T1244 and S1247 have been identified as phosphorylation sites, with S1247 hyperphosphorylated in
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G2/M [59,60] (PhosphositePlus database: https://www.phosphosite.org/). Therefore, the effect on
TOP2A CTR SUMOylation of mutating T1244 and S1247, either to non-phosphorylatible alanine or to
the phosphomimetic aspartic acid, was assessed. Mutation of either site to alanine (singly or together)
significantly reduced the level of the Flag-tagged HMW ladder compared to that of the unmutated
CTR (Figure 2g). Conversely, introduction of aspartic acid at both sites (giving the double mutant
T1244D and S1247D) enhanced the CTR SUMOylated ladder significantly (Figure 2g). This suggests
that the phosphorylation status of residues in the vicinity of K1240 has the potential to influence
SUMO modification.
2.4. Mutation of TOP2A SUMO Acceptor Sites and Cell Cycle Progression
To investigate possible effects of TOP2A SUMOylation on mitosis, human cell lines stably
expressing full length TOP2A variants were generated in the HTETOP cell background. The
modifications included: (i) K/R substitution of candidate SUMO acceptor sites; (ii) constitutive,
in-frame, SUMO fusions; and (iii) S/A or S/D mutation of sites hyperphosphorylated in G2/M.
In each, full length TOP2A protein was N-terminally tagged, either with a 3× Flag epitope or GFP
(summarised in Figure 3a). Quantitative immunoblotting was used to identify clones expressing
epitope-tagged TOP2A protein at levels comparable with that of the untagged TOP2A in the parental
HTETOP cells (cells grown without doxycycline) (Figure 3b). All variants tested complemented the
lethal effects of doxycycline exposure (i.e., loss of wild type TOP2A).
Mitotic progression was examined in cells stably expressing, as their only TOP2A form,
either Flag-tagged full length wild type protein, protein with lysine to arginine mutations at the
eleven candidate acceptor sites examined in the transient transfection assay (variant FT-11xKR) or
a Flag:SUMO2:TOP2A fusion protein (FST). Examination of fixed cells from asynchronously growing
populations grown in the presence of doxycycline (to suppress the wild type transgene) revealed no
marked difference in mitotic indices (while the Flag transfectants tested showed a slight decrease
in mitotic index compared to parental HTETOP cells, the cell lines expressing the variant forms of
Flag:TOP2A were consistent with the control Flag:TOP2A WT-expressing cells). Furthermore, there
were no statistically significant differences in the distribution of cells across M-phase or in the numbers
of abnormal nuclear phenotypes (specifically, apoptotic nuclei, micronuclei or teardrop-shaped nuclei)
(Figure 3c,d).
The fidelity of mitotic chromosome segregation was assessed in anaphase cells (Figure 3e).
Included in this analysis were cells known to display high levels of chromosome mis-segregation:
the parental HTETOP cell line grown in doxycycline for 48 h (to lower TOP2A protein levels) and
FT-K662R. K662 lies within the DNA binding domain and in vitro studies have shown that substitution
of this amino acid reduces the enzyme’s catalytic activity [40,61]. This mutant is viable in human cells
in the absence of wild type TOP2A, despite displaying less efficient chromosome compaction and
a longer population doubling time [45]. When TOP2A is depleted ~80% of anaphase cells display
chromosome mis-segregation (Figure 3e). A less severe defect (~40% mis-segregation) was seen in
cells expressing TOP2A K662R (Figure 3e). In contrast, cell lines expressing TOP2A with eleven K/R
substitutions within the C-terminal region or the Flag-SUMO2-TOP2A (FST) fusion protein, displayed
robust chromosome segregation, comparable with the parental HTETOP cell line grown without
doxycycline (Figure 3e).
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Figure 3. Impact of TOP2A variants on mitotic progression and chromosome segregation. (a)
Schematic showing the Flag- (red) and GFP (green)-tagged TOP2A variants studied in this work.
(b) Representative immunoblots from HTETOP-derived transfectants stably expressing variant forms
of TOP2A. Transfectants have been grown in the presence of doxycycline to repress the full length
untagged TOP2A protein (~170 KDa) present in parental HTETOP cells. LC = an unidentified protein
Int. J. Mol. Sci. 2019, 20, 1238 10 of 25
detected by the TOP2A antibody and described previously [45]. (c,d) Representative images and
percentage of cells found at each stage of mitosis (c) and showing various nuclear phenotypes (d). Cells
were scored by eye at 40× magnification. Three transfectant clones were tested for each variant and
three independent experiments were performed. Approx. 500 mitotic cells and 1000 nuclei were scored
per repeat. Slides were fixed in methanol and DNA stained with DAPI. Error bars represent standard
error of the mean (s.e.m.). Significance was assessed by performing a one-way ANOVA analysis and
post-hoc Tukey HSD test to compare lines to the HTETOP (-dox) control. (e) Representative images
and percentage of cells, showing normal chromosome segregation and mis-segregation in anaphase.
Cells were fixed in methanol and DNA stained with DAPI. Scale bar: 10 µm. Growth of the conditional
null mutant line HTETOP in doxycycline for 48 h results in high levels of anaphase mis-segregation.
Expressing Flag-tagged TOP2A in dox-treated HTETOP cells rescues the mis-segregation phenotype.
Three transfectant clones were tested for each Flag-tagged variant. Three independent experiments
performed with approx. 300 cells scored for each repeat. Error bars represent s.e.m. Significance
was assessed by performing a one-way ANOVA to compare lines expressing the various Flag-tagged
TOP2A variants to the HTETOP-dox control with the p value corrected using the post-hoc Tukey HSD
analysis for multiple comparisons. *** p = 0.0001–0.001, ** p = 0.001–0.01, * p = 0.01–0.05.
Mitotic progression was examined in cells stably expressing, as their only TOP2A form,
either Flag-tagged full length wild type protein, protein with lysine to arginine mutations at the
eleven candidate acceptor sites examined in the transient transfection assay (variant FT-11xKR) or
a Flag-SUMO2-TOP2A fusion protein (FST). Examination of fixed cells from asynchronously growing
populations grown in the presence of doxycycline (to suppress the wild type transgene) revealed no
marked difference in mitotic indices. [While the Flag transfectants tested showed a slight decrease
in mitotic index compared to parental HTETOP cells, the cell lines expressing the variant forms of
Flag:TOP2A were consistent with the control Flag:TOP2A(WT)-expressing cells]. Furthermore, there
were no statistically significant differences in the distribution of cells across M-phase or in the numbers
of abnormal nuclear phenotypes (specifically, apoptotic nuclei, micronuclei or teardrop-shaped nuclei)
(Figure 3c,d).
The fidelity of mitotic chromosome segregation was assessed in anaphase cells (Figure 3e).
Included in this analysis were cells known to display high levels of chromosome mis-segregation:
the parental HTETOP cell line grown in doxycycline for 48 h (to lower TOP2A protein levels) and
FT-K662R. K662 lies within the DNA binding domain and in vitro studies have shown that substitution
of this amino acid reduces the enzyme’s catalytic activity [40,61]. This mutant is viable in human cells
in the absence of wild type TOP2A, despite displaying less efficient chromosome compaction and
a longer population doubling time [45]. When TOP2A is depleted ~80% of anaphase cells display
chromosome mis-segregation (Figure 3e). A less severe defect (~40% mis-segregation) was seen in
cells expressing TOP2A K662R (Figure 3e). In contrast, cell lines expressing TOP2A with eleven K/R
substitutions within the C-terminal region or the Flag:SUMO2:TOP2A (FST) fusion protein, displayed
robust chromosome segregation, comparable with the parental HTETOP cell line grown without
doxycycline (Figure 3e).
2.5. Factors Influencing TOP2A Localisation in Mitosis
2.5.1. SUMOylation
During mitosis TOP2A accumulates on mitotic chromosomes, displaying a characteristic axial
distribution along the arms. In addition, strong punctate TOP2A signals are detectable at centromeres
during early mitosis (prophase, prometaphase and metaphase) (Figure 4a–c). The immunofluorescence
pattern in prometaphase/metaphase cells expressing Flag-tagged wild type TOP2A was compared to
that in cells with K/R substitutions within the C- terminal region (FT-11xKR, FT-4xKR and FT-K1240R),
in the catalytic domain (FT-K662R) and in cells expressing a constitutive SUMO2:TOP2A fusion
protein (FST) (Figure 4d). Mutation of candidate lysines within the C-terminal region resulted in
Int. J. Mol. Sci. 2019, 20, 1238 11 of 25
a significant decrease in the fraction of prometaphase/metaphase cells displaying TOP2A accumulation
at centromeres relative to chromosome arms. The K662R substitution also decreased the number of cells
displaying punctate centromere localisation relative to chromosome arms. Conversely, constitutive
SUMOylation significantly increased the fraction of cells showing centromeric accumulation (Figure 4d).
These effects were seen irrespective of the N-terminal epitope tag used (Flag or GFP) and, for the
constitutively SUMOylated protein, independent of whether the SUMO2 peptide was attached to the
N- or C-terminus of TOP2A (FST and GT:SUMO2 respectively) (Figure 4d,e).
2.5.2. Phosphorylation
The impact on TOP2A mitotic localisation of mutating two serines in the CTD, known to be
hyperphosphorylated during G2/M, was examined. Transient transfection assays had revealed that
S1247 phosphorylation may influence SUMOylation of nearby K1240, while other approaches have
shown that a population of TOP2A molecules phosphorylated on S1213 localises specifically to the
centromere during mitosis [62]. Substitution of serine by alanine at either site significantly decreased
the number of cells displaying centromeric accumulation of TOP2A in prometaphase and metaphase
(Figure 4e).
Both S1213 and S1247 conform to the proline-dependent phosphorylation site characteristic of
CDK1/Cyclin B [63,64]. To further examine the impact of CDK1 phosphorylation on the localisation
of TOP2A during M phase, cells expressing WT or constitutively-SUMOylated TOP2A were treated
overnight with the reversible CDK1 inhibitor RO-3306, leading to arrest at the G2/M border [65,66].
One hour after release into drug-free medium, cells were prepared for immunofluorescence and the
mitotic localisation of TOP2A assessed (Figure 4f). In both cell lines, pre-treatment with RO-3306
resulted in a significant decrease in the number of cells showing centromeric accumulation of TOP2A
at prometaphase/metaphase. This suggests that disruption of CDK1 activity levels and prolonged
arrest at the G2/M boundary, impacts on centromeric localisation of TOP2A in the following M phase.
To determine whether the CTD mutations examined exert an effect on centromeric accumulation at
the onset of mitosis TOP2A localisation was assessed in prophase cells. The majority of prophase
cells displayed centromeric TOP2A accumulation, irrespective of whether they expressed WT or
phospho-mutant TOP2A (Figure 4g). The same robust accumulation at the prophase centromere was
also seen in cells expressing the K1240R variant (Figure 4g). This suggests that these mutations do
not affect the ability of TOP2A to localise to the centromere at mitotic entry but instead impact on the
efficiency with which it is maintained there as cells progress towards anaphase onset.
2.6. Factors Influencing the Dynamic Exchange of TOP2A on Mitotic Chromatin
Fluorescence Recovery after Photobleaching (FRAP) has revealed that TOP2A exchanges
dynamically between chromatin and the cytosol during mitosis, with a half-life of seconds [26,28,67].
To determine whether the TOP2A substitutions studied here impact on the way that the protein
interacts with mitotic chromatin, FRAP was used on live cells expressing TOP2A N-terminally tagged
with GFP (Figure 3a). These cell lines were grown continuously in doxycycline, allowing FRAP to
be performed in the absence of untagged TOP2A. A cell line expressing GFP-tagged histone H2B
(H2B:GFP) was used as a negative control, since canonical histone proteins are immobile during
mitosis. During FRAP a small area of the chromosome arm was bleached using high intensity light,
with the fluorescence recovery time taken as an indicator of the protein’s dynamics: a faster recovery
time suggests a shorter residence time on chromatin, while a slow recovery suggests a long residence
time (Figure 5a) [68].
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localisation patterns displayed in mitotic cells expressing Flag-tagged TOP2A (unmutated). Cells were
fixed in formaldehyde (PTEMF) and stained using anti-Flag antibody (green). DNA was stained using
DAPI (blue). Two main phenotypes were observed: staining along the chromosome arms only or on the
arms together with more intense accumulation at centromeres. (b) Representative images of the main
TOP2A localisation patterns displayed in mitotic cells expressing GFP-tagged TOP2A (unmutated and
S1247A). Cells were fixed in methanol and GFP visualised directly (green). DNA was stained using
DAPI (blue). Scale bars in (a,b): main image, 10 µm; inset 1 µm. (c) Immunofluorescence images
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showing co-localisation of punctateTOP2A signals with centromeres. Cells were fixed in formaldehyde
(PTEMF) and stained using anti-TOP2A antibody (green) and anti-CENP-C antibody (magenta).
DNA was stained using DAPI. The open arrowheads indicate examples of TOP2A and CENP-C
co-localisation. Scale bar: 10 µm. (d) Graph of fixed prometaphase and metaphase cells showing the
main TOP2A localisation patterns in stable cell lines expressing various Flag-tagged TOP2A forms.
The value for each variant was normalised against the Flag:TOP2A (unmutated) from within the same
experiment, with the WT value set as 50%. Three clones were analysed for each TOP2A variant, with
three repeats performed for each clone and ~200 cells scored per repeat. Significance was estimated
by one-way ANOVA to compare all lines to the Flag:TOP2A (unmutated) with the p value corrected
using the post-hoc Tukey HSD analysis for multiple comparisons. Error bars represent s.e.m. (e) Graph
of fixed prometaphase and metaphase cells showing the main TOP2A localisation patterns in stable
cell lines expressing various forms of GFP-tagged TOP2A. Data collection and statistical analysis
were performed as described for (d). (f) Graph showing the percentage of fixed prometaphase and
metaphase cells showing the main TOP2A localisation patterns in Flag:TOP2A and FST cell lines one
hour after release from overnight (18 h) treatment with the CDK1 inhibitor RO-3306 (or 0.1% DMSO
alone). Two independent experiments (each consisting of two parallel replicates) were performed and
≥100 cells scored per sample. Error bars represent s.e.m. Significance was assessed by performing
a Student’s t-test. (g) Graph showing the percentage of fixed prophase cells showing intense punctate
centromeric TOP2A signals in stable cells lines expressing various GFP-tagged TOP2A forms. Prophase
cells were identified on the basis of cyclin B1 staining. One clone was analysed for each TOP2A variant,
with three repeats performed for each variant and ~100 cells scored per repeat. Error bars represent
s.e.m. ** p = 0.001–0.01, * p = 0.01–0.05.
Recovery is dependent on two factors: (i) protein diffusion and (ii) chemical interactions. The free
protein within the region of interest (r.o.i.) will diffuse readily outside the r.o.i., allowing unbleached
protein to enter. Protein that is attached to other structures (such as mitotic chromatin) will be slower
to exit the r.o.i. Therefore, this fraction of the protein will occupy space in the r.o.i. for longer, not
allowing free unbleached molecules to enter. Recovery is fitted to a bi-exponential equation and two
t1/2 values (times to half-maximum) calculated: a fast t1/2 (mainly dependent on diffusion) and a slow
t1/2 (dependent on the chemical interaction). The recovery curves of different proteins/variants can be
compared directly to give a goodness-of-fit value (R2).
We examined the impact on the mitotic chromatin dynamics of TOP2A of two K/R substitutions:
K1240R and K662R. The catalytically-compromised GFP:TOP2A K662R (GT-K662R) displays a slower
recovery than unmutated TOP2A (GFP:TOP2A) (Figure 5b). Both the fast and slow t1/2 values are
greater in cells expressing the K662R variant, with the recovery curve showing a significant deviation
from that displayed by the unmutated protein (Table 1). In cells expressing GFP:TOP2A K1240R
(GT-K1240R), while the fast t1/2 was less than for GFP:TOP2A, the slow t1/2 and overall recovery curve
did not differ significantly from wild type (Figure 5c, Table 2).
In cells ectopically expressing GFP:TOP2A with a SUMO2 peptide attached to the C-terminus
(GT:SUMO2) both the fast and slow t1/2 values were shorter, with the shape of the recovery curve
differing significantly from that of GFP:TOP2A (Figure 5b, Table 2). We also examined the protein’s
dynamics when the SUMO2 peptide was placed at the TOP2A N-terminus (G:SUMO2:T). Although
the extent of the effect was less dramatic than when the SUMO peptide was located at the TOP2A
C-terminus nevertheless, as for the GT:SUMO2 fusion protein, both the fast and slow t1/2 values were
shorter than for GFP:TOP2A (Figure 5b, Table 2).
The impact on TOP2A dynamics of mutating two serines within the CTD, known to be
hyper-phosphorylated in M phase, was also examined. The recovery time of the S1247A variant
was indistinguishable from that of the wild type protein. In contrast substituting serine 1213 for
alanine dramatically slowed its recovery and was the only variant tested that did not reach full
recovery by 4 min post-bleach (Figure 5c, Table 2). To examine the role of S1213 on TOP2A dynamics
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in mitosis further, the serine was substituted for a phosphomimetic residue, aspartic acid, with the
recovery of both variants followed over an extended time period (6 min). The post-bleach time course
again revealed that the S1213A substitution produces a slow recovery, with an overall recovery curve
significantly different to that of the unmutated protein. It takes >300 s for the S1213A protein to recover
to levels similar to GFP:TOP2A. While the S1213D variant exhibited a shorter slow t1/2 value than the
WT protein, overall its recovery curve is not significantly different from wild type, suggesting that the
presence of a phosphomimetic residue at position 1213 does not increase the protein’s rate of recovery
above that of the wild type (Figure 5d, Table 3).
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Table 2. Analysis of FRAP recovery curves (time period: 240 s).
Cell Line Fast t1/2 (s) * Slow t1/2 (s) *
Immobile
Fraction
Curve Fitting Compared to
GFP:TOP2A
Goodness of Fit
(R Square)
Significance
(p Value)
GFP:TOP2A 5.15 ± 1.13 33.49 ± 2.86 6.71 × 10−11 0.997 NS (>0.9999)
GT-K662R 8.12 ± 2.59 52.98 ± 11.76 1.14 × 10−16 0.892 <0.0001
GT:SUMO2 2.59 ± 1.24 12.82 ± 1.20 1.33 × 10−16 0.530 <0.0001
G:SUMO2:T 2.53 ± 1.05 23.87 ± 1.24 1.25 × 10−16 0.947 <0.0001
GT-K1240R 2.87 ± 2.30 31.47 ± 2.64 1.72 × 10−16 0.945 NS (0.4219)
GT-S1247A 5.16 ± 1.91 34.03 ± 3.00 1.22 × 10−16 0.974 NS (0.8093)
GT-S1213A 16.17 ± 4.11 85.14 ± 43.43 0.066 0.186 <0.0001
The recovery has been fitted to a biexponential equation as described in Reference [69]. R2 was calculated using
the mean curve for each cell line and p value calculated using a replicates test. * = mean value ± standard error of
the mean.
Table 3. Analysis of FRAP extended recovery curves (time period: 360 s).
Cell Line Fast t1/2 (s) * Slow t1/2 (s) *
Immobile
Fraction
Curve Fitting Compared to
GFP:TOP2A
Goodness of Fit
(R Square)
Significance
(p Value)
GFP:TOP2A 9.4 ± 2.1 61.15 ± 14.96 0.015 0.968 NS (0.9632)
GT-S1213A 10.47 ± 2.94 71.87 ± 15.09 0.035 0.653 <0.0001
GT-S1213D 9.31 ± 1.69 45.45 ± 9.73 0.055 0.976 NS (0.7924)
The recovery has been fitted to a biexponential equation as described in Reference [69]. R2 was calculated using
the mean curve for each cell line and p value calculated using a replicates test. * mean value ± standard error of
the mean.
3. Discussion
Mitotic chromosomes are dynamic structures whose shape and make-up change as cells proceed
through M phase [70]. Condensin II loads onto mitotic chromatin during prophase, while condensin
I, which is cytoplasmic during interphase, only gains access after nuclear envelope breakdown
(NEBD) [71]. Cohesin is extensively removed from arms during prophase [72]. Proteins of the
Chromosome Passenger Complex, such as INCENP, localise to chromosome arms during prophase
but become progressively concentrated at the centromere during prometaphase/metaphase [73].
Histone H3 modified by serine 10 phosphorylation appears in late S/G2 at pericentromeric
regions, before spreading along chromosome arms as mitosis proceeds, where it persists until
late anaphase/telophase [74,75]. In contrast H3 threonine 3 phosphorylation only appears during
prophase, concentrating at centromeres in prometaphase/metaphase and is lost at anaphase [76,77].
TOP2 (TOP2A in vertebrates) localises to chromosome arms from prophase up until telophase and
accumulates at centromeres during prophase, prometaphase and metaphase [21–27]. In this study, the
impact on the behaviour of TOP2A during mitosis of the CTD and its post-translational modification,
has been explored.
We report that human TOP2A from which amino acids 1212–1446 have been removed, while
complementing loss of the wild type protein, localises less efficiently to mitotic chromatin. This
deleted form retains the protein’s main NLS and the ChT domain, essential for it to target mitotic
chromatin, suggesting additional contributions from other residues within the CTD [28]. Given reports
that mitotic localisation of vertebrate TOP2A is influenced by SUMOylation [27,38–40,42] we used
a transient transfection assay to test the significance in vivo of candidate acceptor lysines within the
CTD. The findings suggest that lysine 1240 is a major SUMOylation target in cycling human cells.
Moreover, we show that SUMOylation efficiency can be influenced by phosphorylation of nearby
threonine 1244 and serine 1247. The importance of K1240 as a SUMO acceptor is in agreement with
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the key SUMO sites identified within the Xenopus Top2a CTD [29] and in S.cerevisiae top2 [51,78].
Moreover, the evidence for K1240 being a phosphorylation-dependent SUMOylation site is supported
by the identification of co-modified peptides in mass spectrometry screens [36,57,58], together with
the finding that such SUMO-phospho cross talk is enriched for cyclin-dependent kinases (both S1213
and S1247 lie within CDK1 recognition sites) and for disordered and flexible protein regions (like
the CTD) [36]. Nevertheless, substitution of all eleven selected lysines within the human TOP2A
C-terminal region did not eliminate its SUMOylation completely in this assay. This may be explained
by the fact that large scale proteomics has identified ~100 SUMO2/3 sites in human TOP2A. These are
distributed across the protein, mapping not only within the CTD but also to the N-terminal ATPase
and DNA binding domains [36,40,57,58,79–84].
Unlike the situation where TOP2A protein is depleted from cells (HTETOP cells treated with
doxycycline) or where the enzyme’s catalytic activity is compromised (TOP2A K662R), the presence
of eleven K to R substitutions within the C-terminal region had no obvious impact on mitotic
progression or on the fidelity of chromosome segregation. This is consistent with the findings in
S.cerevisiae where mutation of multiple predicted acceptor lysines within the C-terminal domain,
while substantially reducing Top2 SUMOylation, did not result in any overt growth or chromosome
segregation defects [51,78]. These observations are in contrast to studies in human cells and transgenic
mice in which TOP2A SUMOylation was disrupted through knock-down of SUMO ligase activity: in
these studies, the fidelity of chromosome segregation was reduced [27,42]. This suggests that either
SUMOylation of additional sites within TOP2A and/or of additional proteins contributes to reduced
chromosome segregation fidelity following SUMO ligase perturbation.
Both the K662R and the K/R CTD substitutions analysed (K1240R alone or together with the other
selected K/R substitutions within the CTD) were found to influence TOP2A mitotic localisation,
resulting in fewer cells displaying centromeric accumulation during prometaphase-metaphase.
The same localisation phenotype was displayed by prometaphase-metaphase cells expressing TOP2A
in which the serine residue at either 1213 or 1247 (sites known to be hyperphosphorylated during
mitosis) had been substituted by alanine. Conversely, a fusion protein in which a SUMO2 peptide
had been covalently attached to TOP2A, exerted the opposite effect, increasing the proportion of
cells displaying prometa-/metaphase centromeric TOP2A accumulation. This enhanced centromere
accumulation phenotype was seen irrespective of the N-terminal tag employed (GFP or Flag) or of
whether SUMO2 was placed at the N- or C-terminus of TOP2A and is in agreement with the findings
of Dawlaty and colleagues [42].
Overall these results suggest that the retention of TOP2A at centromeres as M phase proceeds
is influenced by the protein’s phosphorylation and SUMOylation status. To better characterise the
underlying molecular mechanisms(s) FRAP was used to examine the mobility of these various forms
of TOP2A. This revealed that fusing a SUMO2 peptide to the TOP2A terminus, as well as enhancing
its accumulation at the mitotic centromere, also results in an increase in the enzyme’s mobility on
mitotic chromatin. While a SUMO fusion protein is an artificial construct, that does not recapitulate
the normally dynamic nature of this modification, it does provide one tool with which to explore the
possible effects of TOP2A SUMOylation. Its shorter residence time on mitotic chromatin suggests
a less robust interaction. This might be accounted for by the fusion protein’s lower isoelectric point (pI)
disrupting its interaction with DNA or through changes in SUMO-mediated interactions with other
chromosomal proteins. The increased mobility of SUMOylated TOP2A is consistent with an earlier
report, using Xenopus egg extracts, that SUMO conjugation decreases the affinity of a small fraction of
top2a for mitotic chromatin [38].
Given the large number of potential SUMO acceptor lysines in TOP2A the impact of SUMOylation
in vivo is likely to be complex, with modification of individual sites exerting different effects [29]. In the
current study, no decrease in TOP2A mobility was detected when one of its major SUMO acceptor
sites, K1240, was substituted for arginine, despite this mutation affecting localisation at the centromere.
The absence of any significant effect on mobility may be accounted for by the fact that the K1240R
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variant remains permissive to SUMOylation at many other acceptor sites. Intriguingly, however, the
K662R substitution did result in TOP2A having significantly slower dynamics but whether this effect
is mediated by a change in the mutated protein’s SUMO status remains unknown. This residue is
highly conserved within the catalytic domain and directly involved in binding the G-segment DNA [4].
It lies in a key position in the DNA gate domain and in vitro decatenation assays have revealed that
mutation of this lysine substantially reduces the enzyme’s activity [40,61]. In S.cerevisiae, a top2 mutant
in which the equivalent residue is mutated to alanine (K651A) is non-viable [61], while human cultured
cells expressing only the K662R substituted form are viable but their growth is compromised [45].
The longer residence time of TOP2A K662R on mitotic chromatin suggests that disruption of this
variant’s activity may involve a delay in the catalytic cycle that results in the enzyme remaining
associated with mitotic chromatin for longer than normal. This reduced mobility correlates with less
efficient TOP2A localisation at the centromere during prometa-/metaphase.
As well as SUMOylation, we also examined the impact on mobility of mutating two serines
hyperphosphorylated in mitosis: S1213 and S1247. Phosphorylation of TOP2A on S1213 is
M-phase-specific and this pool of TOP2A molecules has been reported to concentrate at centromeres
during metaphase [62,63]. Recently peptides co-modified by phosphorylation at S1213 and
SUMOylation at K1204 have been identified by mass spectrometry, raising the possibility that this
phospho site may also influence the efficiency of SUMO-modification at specific sites within the
CTD [36]. Here we report that, in cells expressing TOP2A S1213A as their only form of TOP2A, the
protein has a longer residence time on the mitotic chromosome than wild type (or TOP2A S1213D),
as well as exhibiting less efficient accumulation at centromeres. In contrast, the S1247A substitution
did not have any obvious effect on the protein’s mobility, despite reducing its accumulation at
the centromere.
Together these findings suggest that SUMOylation and phosphorylation of specific residues
within the TOP2A CTD can regulate the enzyme’s residence time on mitotic chromatin and, through
this, influence the protein’s subcellular localisation, with a faster exchange between molecules in the
chromatin and cytosolic pools apparently facilitating centromere targeting. However, our data also
suggest that residence time is not the only factor that can influence the ability of TOP2A to accumulate
at the centromere, since two mutations, K1240R and S1247A, disrupt centromeric localisation without
having any obvious impact on protein mobility. Work reported here and elsewhere, suggest that
K1240 is an important SUMO acceptor site in TOP2A, with this modification being influenced by
phosphoS1247. Lysine 1240 in human TOP2A is a highly conserved residue that lies within an
optimal SUMO consensus motif in a wide range of eukaryotes [29,51,78,85]. One possibility is that
SUMOylation at K1240 influences the interaction of TOP2A with centromere proteins that have SUMO
interacting motifs (SIM), rather than with mitotic chromatin more generally [29,42,85,86]. Indeed, work
from others has reported that SUMOylation of top2a in Xenopus at a limited number of sites within
the CTD (including the lysine analogous to human K1240) is required for recruitment of Claspin and
Haspin Kinase to the inner centromere domain during M-phase [29].
The work described here has identified specific residues within the human TOP2A CTD (K1240,
S1213 and S1247) whose post-translational modification influence the protein’s localisation at the
mitotic centromere. The molecular mechanism(s) underlying this regulation remain to be identified.
Since it has not been possible to crystallise the CTD of eukaryotic TOP2 we can only speculate on the
possible impact of these post-translational modifications on the protein’s overall tertiary structure.
Nevertheless, both SUMOylation and phosphorylation, of mitotic TOP2A will change the protein’s pI,
possibly disrupting its interaction with DNA and promoting faster exchange between molecules in the
chromatin and cytosolic pools. In parallel with this, TOP2A SUMOylation may increase its residence
time at the centromere through specific, SUMO-directed, protein-protein interactions.
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4. Materials and Methods
4.1. Antibodies
Primary antibodies used for immunoblotting were: anti-human TOP2A (mouse, MBL, 1:5000);
anti-GFP (mouse, Roche, Basel, Switzerland, 1:2000); anti-HSP70 (mouse, Santa Cruz, Dallas, TA, USA,
1:4000); anti-α-tubulin (mouse, Abcam, Cambridge, UK, 1:10,000); anti-Flag M2 (mouse, Sigma, St.
Louis, MO, USA, 1:4000); anti-Cyclin B1 (mouse, BD, Franklin Lakes, NJ, USA, 1:500). Secondary
antibodies were: IRDye 800CW goat anti-mouse IgG (H + L) (LI-COR, 1:7000); poly-HRP goat
anti-mouse (ThermoFisher Scientific, Waltham, MA, USA, 1:15,000). For indirect immunofluorescence
the primary antibodies used were: anti-human topoisomerase 2α (mouse, MBL, Woburn, MA, USA,
1:500); anti-human CENP-C (rabbit, 1:1000); and anti-Flag M2 (mouse, Sigma, 1:1000). Secondary
antibodies were: rabbit anti-mouse FITC (Dako, Glostrup, Denmark, 1:200); Donkey anti-mouse
Alexa-Fluor 488-conjugated (ThermoFisher, 1:2000); Donkey anti-rabbit Alexa Fluor 647-conjugated
(ThermoFisher, 1:2000).
4.2. Molecular Biology
TOP2A expression constructs used and/or generated as part of this study are detailed in
Suppl Table S1. All N-terminal GFP:TOP2A plasmid constructs used in this study were based on
pGFP:TOP2A [43]. This plasmid carries a puromycin-resistance cassette. To generate expression
constructs encoding TOP2A tagged at its N-terminus with the Flag epitope, the pcDNA3 vector
(Invitrogen) was modified to carry a puromycin-resistance cassette (from pPUR, Clontech, Mountain
View, CA, USA) in place of the SV2neor cassette (designated pcDNA3-puro). Three copies of the
Flag epitope were cloned into the multi-cloning site, using HindIII and EcoRI. Finally, the open
reading frame (ORF) of human TOP2A was introduced as an EcoRV-NotI fragment [45]. The
QuikChange site-directed mutagenesis Kit was used to generate specific point mutations according
to the manufacturer’s instructions (Stratagene, San Diego, CA, USA). Mutagenesis was performed
on appropriate sub-fragments and sequencing used to confirm the presence of desired mutations,
before and after reintroduction of the mutated sub clones back into the TOP2A expression construct.
For transient transfection assays, HA-tagged and GFP-tagged SUMO expression constructs encoding
SUMO mature forms (SUMO-GG) were used [87,88]. Q90P variants of SUMO2 and SUMO3 were
generated using site-directed mutagenesis. The histone H2B:GFP expression construct (pBOS-H2BGFP)
was from BD Biosciences.
4.3. Protein Work
4.3.1. Western Blot Analysis
Cells were harvested by trypsinisation, washed and snap frozen. Cell pellets were lysed
in CelLytic M (Sigma) containing protease-inhibitor cocktail (Roche Complete Mini) according to
the manufacturer’s recommendations. When assaying SUMOylation the isopeptidase inhibitor
N-ethylmaleimide (Sigma) was included at 20 mM final concentration.
Lysates were cleared by centrifugation at 13,000 rpm and fractionated on SDS-PAGE gels (XCell
SureLock Mini-Cell system, Invitrogen). For routine TOP2A resolution 6% or 8% Tris-Glycine
SDS-PAGE gels were used and transferred in Tris-Glycine buffer containing 20% methanol, without SDS.
For quantification of levels of SUMOylated TOP2A CTR, lysates were resolved using NuPAGE Novex
Tris-Acetate 3–8% gradient mini gels and transferred using NuPAGE Transfer buffer (Invitrogen).
For fluorescence immunoblotting PVDF-FL membrane was used with the blocking and primary
antibody steps performed in Odyssey blocking buffer (LI-COR Biosciences, Lincoln, NE, USA):
Tris-buffered saline with 0.1% Tween-20 (TBST) (1:1). Secondary antibody incubation was in TBST
plus 5% powdered milk. Fluorescence intensities were determined using a CCD scanner (Odyssey;
LI-COR Biosciences) according to the manufacturer’s instructions using Image Studio software.
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For chemiluminescent detection PVDF-P membrane was used, with all steps being performed in
TBST plus 5% powdered milk. Antibody-antigen complexes were detected using ECL Plus or ECL
prime according to the manufacturer’s instructions (GE Healthcare, Little Chalfont, UK).
4.3.2. Immunoprecipitation
Immunoprecipitation of GFP fusion proteins was undertaken using the GFP-Trap M system
(Chromotek, Planegg-Martinsried, Germany).
4.4. Microscopy
Fixed cells were viewed using a Leica DM6000B upright fluorescence microscope and images
captured using the Leica application suite (LAS) AF6000 system. Where required, cells were imaged in
a Z stack (ca. 100–130 steps) and processed using non-blind 3D deconvolution.
4.4.1. Assessment of Mitosis and Nuclear Phenotypes
Cells were plated onto SuperFrost (VWR) slides in chambers 24 h. before processing. Cells
were fixed in −20 ◦C 100% methanol for 13 min., air-dried and mounted using DAPI (0.5 µg mL−1)
in Vectashield (Vector Labs, Peterborough, UK). DNA was observed under a 40× air objective and
phenotypes scored by eye.
4.4.2. Indirect Immunofluorescence
Cells were grown overnight on SuperFrost (VWR) slides and fixed in PTEMF for 10 min (20 mM
Pipes pH 6.8, 0.2% Triton X-100, 10 mM EGTA, 1 mM MgCl2, 4% paraformaldehyde). Blocking (10%
foetal bovine serum), antibody dilutions and washes were all undertaken in PBS Tween 20 (0.05%).
DNA was counterstained with DAPI (0.5 µg mL−1) and mounted in Vectashield (Vector Labs).
4.4.3. Direct GFP Visualisation
To visualise GFP-tagged TOP2A directly, cells were fixed in −20 ◦C 100% methanol, DNA
counter-stained and mounted as described above. GFP was observed under a 100× oil immersion
objective and localisation phenotypes scored by eye, within 36 h of fixation.
4.4.4. Fluorescence Recovery after Photobleaching (FRAP)
Cells were grown on a 8-well chambered coverglass (Lab-Tek) for 24–48 h. with the medium
changed to phenol red-free immediately prior to imaging. The temperature of the stage and incubation
chamber were maintained at 37 ◦C throughout. FRAP experiments were performed on a Zeiss LSM
540 confocal microscope. All imaging was carried out using a 100× oil immersion objective and the
488 nm laser line set at 3–5%. Photobleaching was performed using the 405 nm laser at 100% output,
scan speed 2, for a single iteration. The size of the bleached area was a 15 × 15 pixel square. Each
image was taken at 8× digital zoom, the image size was 400 × 400 pixels and scanning was set to
bidirectional with 12 bit data depth and scan speed 9. The pinhole was set at 1.34 Airy Units to produce
an optical slice of 1 µm. Three Z-slices were acquired for each timepoint covering 2.0 µm. Imaging
time was ca. 1.6 s. per frame; time between frames was 2.0 s; 5 frames were captured pre-bleaching and
the area was followed for 4 or 6 min post-bleaching. Movies were processed using ImageJ software
(https://imagej.net/ImageJ). Where chromosomes had moved extensively within the field of view,
frames were re-aligned using the StackReg plugin (http://bigwww.epfl.ch/thevenaz/stackreg/).
The bleached roi was followed throughout the movie by selecting the position in regular slices and
completing the remaining positions using the Interpolate ROIs function. Areas measured were: (i)
the bleached region (bleach); (ii) an area of the same size lacking fluorescent structures (background);
and (iii) the full view imaged. The data was normalised against the background and reference, as
well as the pre-bleach signal intensity. Curve fitting and comparison of the recovery curve and t1/2
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were performed as described [69]. An F-test was used to choose the equation and compare datasets.
The recovery was fitted to a bi-exponential equation.
4.5. Cell culture
4.5.1. Cell Lines
Hek-293T and HTETOP cells were grown routinely in Dulbecco’s modified Eagle’s medium
containing glutamax, 10% foetal bovine serum, penicillin, streptomycin (all from Invitrogen-Gibco,
Waltham, MA, USA) at 37 ◦C. HTETOP is a HT1080-derived conditional null mutant for TOP2A [43]
in which transcription of the Tet-regulatable TOP2A transgene can be repressed by growth in medium
containing 1 µg mL−1 doxycycline (Sigma). Both TOP2A alleles have been disrupted and the cells
retrofitted with an exogenous TOP2A cDNA (referred to here as untagged TOP2A) that is controlled
by a Tet transactivator (tTA).
4.5.2. Stable Transfections
For stable transfection of HTETOP, cells were electroporated using standard conditions: 6 × 106
cells in 800 µL Dulbecco’s Phosphate-Buffered Saline (D.PBS(A)) using a BioRad Pulser II with 30 µg
of linearized plasmid DNA at 250 µF, 400 V and 200 Ω. After 24–48 h, puromycin (Merck) selection
was applied at 0.5 µg mL−1.
4.5.3. Transient Transfections
Transient transfections were undertaken in 6-well dishes according to the manufacturer’s
instructions using either Lipofectamine 2000 (Invitrogen) (HTETOP) or TransIT-293 transfection reagent
(Mirus) (Hek-293T). Cells were processed 24–48 h post-transfection.
4.5.4. Drug Treatments
The reversible CDK1 inhibitor RO-3306 (Calbiochem, supplied through Merck, Darmstadt,
Germany) was resuspended in dimethyl sulphoxide (DMSO) and added overnight (18 h) at a 5 µM
final concentration.
4.6. Statistical Analyses
Ordinary one-way ANOVA analyses with the Holm-Sidak’s multiple comparisons test (Figure 2)
were undertaken within GraphPad Prism 8. Student’s t-test and Ordinary one-way ANOVA analyses
with post-hoc Tukey HSD test for multiple comparisons (Figures 3 and 4) were undertaken using the
online calculator at: http://astatsa.com/. All statistical analysis of FRAP data (Figure 5) was done
within GraphPad Prism 8 as described [69].
Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/5/
1238/s1, Table S1. TOP2A expression constructs used and/or generated as part of this study.
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Abbreviations
ChT Chromatin tether
CTD C-Terminal Domain
CTR C-terminal region
DMSO dimethyl sulphoxide
GFP enhanced Green Fluorescent Protein
HMW High Molecular Weight
KDa KiloDalton
NLS nuclear localisation signal
PAGE Polyacrylamide gel electrophoresis
PBS Phosphate-Buffered Saline
pI isoelectric point of a protein
PTM post translational modification
PTEMF PIPES, Triton X-100, EGTA, MgCl2, Formaldehyde
SDS Sodium Dodecyl Sulphate
SIM SUMO Interacting Motif
SUMO Small Ubiquitin-like Modifier
TBST Tris-buffered saline with 0.1% Tween-20
TOP2 Human Topoisomerase II protein
TOP2A human Topoisomerase II alpha protein
TOP2A human Topoisomerase II alpha gene
Top2 S.cerevisiae Topoisomerase II protein
Top2a Xenopus Topoisomerase II alpha protein
References
1. Vos, S.M.; Tretter, E.M.; Schmidt, B.H.; Berger, J.M. All tangled up: How cells direct, manage and exploit
topoisomerase function. Nat. Rev. Mol. Cell Biol. 2011, 12, 827–841. [CrossRef] [PubMed]
2. Roca, J. Topoisomerase II: A fitted mechanism for the chromatin landscape. Nucleic Acids Res. 2009, 37,
721–730. [CrossRef] [PubMed]
3. Higgins, N.P. A human TOP2A core DNA binding X-ray structure reveals topoisomerase subunit dynamics
and a potential mechanism for SUMO modulation of decatenation. J. Mol. Biol. 2012, 424, 105–108. [CrossRef]
[PubMed]
4. Wendorff, T.J.; Schmidt, B.H.; Heslop, P.; Austin, C.A.; Berger, J.M. The structure of DNA-bound human
topoisomerase II alpha: Conformational mechanisms for coordinating inter-subunit interactions with DNA
cleavage. J. Mol. Biol. 2012, 424, 109–124. [CrossRef] [PubMed]
5. Schmidt, B.H.; Osheroff, N.; Berger, J.M. Structure of a topoisomerase II-DNA-nucleotide complex reveals
a new control mechanism for ATPase activity. Nat. Struct. Mol. Biol. 2012, 19, 1147–1154. [CrossRef]
[PubMed]
6. Chen, S.F.; Huang, N.L.; Lin, J.H.; Wu, C.C.; Wang, Y.R.; Yu, Y.J.; Gilson, M.K.; Chan, N.L. Structural insights
into the gating of DNA passage by the topoisomerase II DNA-gate. Nat. Commun. 2018, 9, 3085. [CrossRef]
[PubMed]
7. Laponogov, I.; Pan, X.S.; Veselkov, D.A.; Skamrova, G.B.; Umrekar, T.R.; Fisher, L.M.; Sanderson, M.R.
Trapping of the transport-segment DNA by the ATPase domains of a type II topoisomerase. Nat. Commun.
2018, 9, 2579. [CrossRef] [PubMed]
8. Chung, T.D.; Drake, F.H.; Tan, K.B.; Per, S.R.; Crooke, S.T.; Mirabelli, C.K. Characterization and
immunological identification of cDNA clones encoding two human DNA topoisomerase II isozymes.
Proc. Natl. Acad. Sci. USA 1989, 86, 9431–9435. [CrossRef]
9. Tan, K.B.; Dorman, T.E.; Falls, K.M.; Chung, T.D.; Mirabelli, C.K.; Crooke, S.T.; Mao, J. Topoisomerase II
alpha and topoisomerase II beta genes: Characterization and mapping to human chromosomes 17 and 3,
respectively. Cancer Res. 1992, 52, 231–234.
Int. J. Mol. Sci. 2019, 20, 1238 22 of 25
10. Niimi, A.; Suka, N.; Harata, M.; Kikuchi, A.; Mizuno, S. Co-localization of chicken DNA topoisomerase
IIalpha, but not beta, with sites of DNA replication and possible involvement of a C-terminal region of alpha
through its binding to PCNA. Chromosoma 2001, 110, 102–114. [CrossRef]
11. Linka, R.M.; Porter, A.C.; Volkov, A.; Mielke, C.; Boege, F.; Christensen, M.O. C-terminal regions
of topoisomerase IIalpha and IIbeta determine isoform-specific functioning of the enzymes in vivo.
Nucleic Acids Res. 2007, 35, 3810–3822. [CrossRef]
12. Meczes, E.L.; Gilroy, K.L.; West, K.L.; Austin, C.A. The impact of the human DNA topoisomerase II C-terminal
domain on activity. PLoS ONE 2008, 3, e1754. [CrossRef]
13. Bedez, C.; Lotz, C.; Batisse, C.; Broeck, A.V.; Stote, R.H.; Howard, E.; Pradeau-Aubreton, K.;
Ruff, M.; Lamour, V. Post-translational modifications in DNA topoisomerase 2alpha highlight the role
of a eukaryote-specific residue in the ATPase domain. Sci. Rep. 2018, 8, 9272. [CrossRef]
14. Mirski, S.E.; Gerlach, J.H.; Cummings, H.J.; Zirngibl, R.; Greer, P.A.; Cole, S.P. Bipartite nuclear localization
signals in the C terminus of human topoisomerase II alpha. Exp. Cell Res. 1997, 237, 452–455. [CrossRef]
15. Mirski, S.E.; Gerlach, J.H.; Cole, S.P. Sequence determinants of nuclear localization in the alpha and beta
isoforms of human topoisomerase II. Exp. Cell Res. 1999, 251, 329–339. [CrossRef]
16. Dickey, J.S.; Osheroff, N. Impact of the C-terminal domain of topoisomerase IIalpha on the DNA cleavage
activity of the human enzyme. Biochemistry 2005, 44, 11546–11554. [CrossRef]
17. Kozuki, T.; Chikamori, K.; Surleac, M.D.; Micluta, M.A.; Petrescu, A.J.; Norris, E.J.; Elson, P.; Hoeltge, G.A.;
Grabowski, D.R.; Porter, A.C.G.; et al. Roles of the C-terminal domains of topoisomerase IIalpha and
topoisomerase IIbeta in regulation of the decatenation checkpoint. Nucleic Acids Res. 2017, 45, 5995–6010.
[CrossRef]
18. McClendon, A.K.; Osheroff, N. The geometry of DNA supercoils modulates topoisomerase-mediated DNA
cleavage and enzyme response to anticancer drugs. Biochemistry 2006, 45, 3040–3050. [CrossRef]
19. McClendon, A.K.; Gentry, A.C.; Dickey, J.S.; Brinch, M.; Bendsen, S.; Andersen, A.H.; Osheroff, N. Bimodal
recognition of DNA geometry by human topoisomerase II alpha: Preferential relaxation of positively
supercoiled DNA requires elements in the C-terminal domain. Biochemistry 2008, 47, 13169–13178. [CrossRef]
20. Seol, Y.; Gentry, A.C.; Osheroff, N.; Neuman, K.C. Chiral discrimination and writhe-dependent relaxation
mechanism of human topoisomerase IIalpha. J. Biol. Chem. 2013, 288, 13695–13703. [CrossRef]
21. Taagepera, S.; Rao, P.N.; Drake, F.H.; Gorbsky, G.J. DNA topoisomerase II alpha is the major chromosome
protein recognized by the mitotic phosphoprotein antibody MPM-2. Proc. Natl. Acad. Sci. USA 1993, 90,
8407–8411. [CrossRef]
22. Saitoh, N.; Goldberg, I.G.; Wood, E.R.; Earnshaw, W.C. ScII: An abundant chromosome scaffold protein is
a member of a family of putative ATPases with an unusual predicted tertiary structure. J. Cell Biol. 1994, 127,
303–318. [CrossRef]
23. Rattner, J.B.; Hendzel, M.J.; Furbee, C.S.; Muller, M.T.; Bazett-Jones, D.P. Topoisomerase II alpha is associated
with the mammalian centromere in a cell cycle- and species-specific manner and is required for proper
centromere/kinetochore structure. J. Cell Biol. 1996, 134, 1097–1107. [CrossRef]
24. Sumner, A.T. The distribution of topoisomerase II on mammalian chromosomes. Chromosome Res. 1996, 4,
5–14. [CrossRef]
25. Meyer, K.N.; Kjeldsen, E.; Straub, T.; Knudsen, B.R.; Hickson, I.D.; Kikuchi, A.; Kreipe, H.; Boege, F. Cell
cycle-coupled relocation of types I and II topoisomerases and modulation of catalytic enzyme activities.
J. Cell Biol. 1997, 136, 775–788. [CrossRef]
26. Christensen, M.O.; Larsen, M.K.; Barthelmes, H.U.; Hock, R.; Andersen, C.L.; Kjeldsen, E.; Knudsen, B.R.;
Westergaard, O.; Boege, F.; Mielke, C. Dynamics of human DNA topoisomerases IIalpha and IIbeta in living
cells. J. Cell Biol. 2002, 157, 31–44. [CrossRef]
27. Diaz-Martinez, L.A.; Gimenez-Abian, J.F.; Azuma, Y.; Guacci, V.; Gimenez-Martin, G.; Lanier, L.M.;
Clarke, D.J. PIASgamma is required for faithful chromosome segregation in human cells. PLoS ONE
2006, 1, e53. [CrossRef]
28. Lane, A.B.; Gimenez-Abian, J.F.; Clarke, D.J. A novel chromatin tether domain controls topoisomerase
IIalpha dynamics and mitotic chromosome formation. J. Cell Biol. 2013, 203, 471–486. [CrossRef]
29. Ryu, H.; Yoshida, M.M.; Sridharan, V.; Kumagai, A.; Dunphy, W.G.; Dasso, M.; Azuma, Y. SUMOylation
of the C-terminal domain of DNA topoisomerase IIalpha regulates the centromeric localization of Claspin.
Cell Cycle 2015, 14, 2777–2784. [CrossRef]
Int. J. Mol. Sci. 2019, 20, 1238 23 of 25
30. Yoshida, M.M.; Ting, L.; Gygi, S.P.; Azuma, Y. SUMOylation of DNA topoisomerase IIalpha regulates histone
H3 kinase Haspin and H3 phosphorylation in mitosis. J. Cell Biol. 2016, 213, 665–678. [CrossRef]
31. Kawano, S.; Kato, Y.; Okada, N.; Sano, K.; Tsutsui, K.; Tsutsui, K.M.; Ikeda, S. DNA-binding activity of rat
DNA topoisomerase II alpha C-terminal domain contributes to efficient DNA catenation in vitro. J. Biochem.
2016, 159, 363–369.
32. Wessel, I.; Jensen, P.B.; Falck, J.; Mirski, S.E.; Cole, S.P.; Sehested, M. Loss of amino acids 1490Lys-Ser-Lys1492
in the COOH-terminal region of topoisomerase IIalpha in human small cell lung cancer cells selected for
resistance to etoposide results in an extranuclear enzyme localization. Cancer Res. 1997, 57, 4451–4454.
33. Austin, C.A.; Marsh, K.L. Eukaryotic DNA topoisomerase II beta. Bioessays 1998, 20, 215–226. [CrossRef]
34. Iakoucheva, L.M.; Radivojac, P.; Brown, C.J.; O’Connor, T.R.; Sikes, J.G.; Obradovic, Z.; Dunker, A.K.
The importance of intrinsic disorder for protein phosphorylation. Nucleic Acids Res. 2004, 32, 1037–1049.
[CrossRef]
35. Yavuz, A.S.; Sezerman, O.U. Predicting sumoylation sites using support vector machines based on various
sequence features, conformational flexibility and disorder. BMC Genom. 2014, 15 (Suppl. 9), S18. [CrossRef]
36. Hendriks, I.A.; Lyon, D.; Young, C.; Jensen, L.J.; Vertegaal, A.C.; Nielsen, M.L. Site-specific mapping of the
human SUMO proteome reveals co-modification with phosphorylation. Nat. Struct. Mol. Biol. 2017, 24,
325–336. [CrossRef]
37. Chen, T.; Sun, Y.; Ji, P.; Kopetz, S.; Zhang, W. Topoisomerase IIalpha in chromosome instability and
personalized cancer therapy. Oncogene 2015, 34, 4019–4031. [CrossRef]
38. Azuma, Y.; Arnaoutov, A.; Dasso, M. SUMO-2/3 regulates topoisomerase II in mitosis. J. Cell Biol. 2003, 163,
477–487. [CrossRef]
39. Azuma, Y.; Arnaoutov, A.; Anan, T.; Dasso, M. PIASy mediates SUMO-2 conjugation of Topoisomerase-II on
mitotic chromosomes. EMBO J. 2005, 24, 2172–2182. [CrossRef]
40. Ryu, H.; Furuta, M.; Kirkpatrick, D.; Gygi, S.P.; Azuma, Y. PIASy-dependent SUMOylation regulates DNA
topoisomerase IIalpha activity. J. Cell Biol. 2010, 191, 783–794. [CrossRef]
41. Edgerton, H.; Johansson, M.; Keifenheim, D.; Mukherjee, S.; Chacon, J.M.; Bachant, J.; Gardner, M.K.;
Clarke, D.J. A noncatalytic function of the topoisomerase II CTD in Aurora B recruitment to inner centromeres
during mitosis. J. Cell Biol. 2016, 213, 651–664. [CrossRef]
42. Dawlaty, M.M.; Malureanu, L.; Jeganathan, K.B.; Kao, E.; Sustmann, C.; Tahk, S.; Shuai, K.;
Grosschedl, R.; van Deursen, J.M. Resolution of sister centromeres requires RanBP2-mediated SUMOylation
of topoisomerase IIalpha. Cell 2008, 133, 103–115. [CrossRef]
43. Carpenter, A.J.; Porter, A.C. Construction, characterization, and complementation of a conditional-lethal
DNA topoisomerase IIalpha mutant human cell line. Mol. Biol. Cell 2004, 15, 5700–5711. [CrossRef]
44. Spence, J.M.; Phua, H.H.; Mills, W.; Carpenter, A.J.; Porter, A.C.; Farr, C.J. Depletion of topoisomerase IIalpha
leads to shortening of the metaphase interkinetochore distance and abnormal persistence of PICH-coated
anaphase threads. J. Cell Sci. 2007, 120, 3952–3964. [CrossRef]
45. Farr, C.J.; Antoniou-Kourounioti, M.; Mimmack, M.L.; Volkov, A.; Porter, A.C. The alpha isoform of
topoisomerase II is required for hypercompaction of mitotic chromosomes in human cells. Nucleic Acids Res.
2014, 42, 4414–4426. [CrossRef]
46. Caron, P.R.; Watt, P.; Wang, J.C. The C-terminal domain of Saccharomyces cerevisiae DNA topoisomerase II.
Mol. Cell Biol. 1994, 14, 3197–3207. [CrossRef]
47. Jensen, S.; Andersen, A.H.; Kjeldsen, E.; Biersack, H.; Olsen, E.H.; Andersen, T.B.; Westergaard, O.;
Jakobsen, B.K. Analysis of functional domain organization in DNA topoisomerase II from humans and
Saccharomyces cerevisiae. Mol. Cell Biol. 1996, 16, 3866–3877. [CrossRef]
48. Xue, Y.; Zhou, F.; Fu, C.; Xu, Y.; Yao, X. SUMOsp: A web server for sumoylation site prediction. Nucleic Acids
Res. 2006, 34, W254–W257. [CrossRef]
49. Ren, J.; Gao, X.; Jin, C.; Zhu, M.; Wang, X.; Shaw, A.; Wen, L.; Yao, X.; Xue, Y. Systematic study of protein
sumoylation: Development of a site-specific predictor of SUMOsp 2.0. Proteomics 2009, 9, 3409–3412.
[CrossRef]
50. Mao, Y.; Desai, S.D.; Liu, L.F. SUMO-1 conjugation to human DNA topoisomerase II isozymes. J. Biol. Chem.
2000, 275, 26066–26073. [CrossRef]
Int. J. Mol. Sci. 2019, 20, 1238 24 of 25
51. Bachant, J.; Alcasabas, A.; Blat, Y.; Kleckner, N.; Elledge, S.J. The SUMO-1 isopeptidase Smt4 is linked to
centromeric cohesion through SUMO-1 modification of DNA topoisomerase II. Mol. Cell 2002, 9, 1169–1182.
[CrossRef]
52. Agostinho, M.; Santos, V.; Ferreira, F.; Costa, R.; Cardoso, J.; Pinheiro, I.; Rino, J.; Jaffray, E.; Hay, R.T.;
Ferreira, J. Conjugation of human topoisomerase 2 alpha with small ubiquitin-like modifiers 2/3 in response
to topoisomerase inhibitors: Cell cycle stage and chromosome domain specificity. Cancer Res. 2008, 68,
2409–2418. [CrossRef] [PubMed]
53. Bekes, M.; Prudden, J.; Srikumar, T.; Raught, B.; Boddy, M.N.; Salvesen, G.S. The dynamics and mechanism
of SUMO chain deconjugation by SUMO-specific proteases. J. Biol. Chem. 2011, 286, 10238–10247. [CrossRef]
54. Tatham, M.H.; Rodriguez, M.S.; Xirodimas, D.P.; Hay, R.T. Detection of protein SUMOylation in vivo. Nat.
Protoc. 2009, 4, 1363–1371. [CrossRef] [PubMed]
55. Hietakangas, V.; Anckar, J.; Blomster, H.A.; Fujimoto, M.; Palvimo, J.J.; Nakai, A.; Sistonen, L. PDSM, a motif
for phosphorylation-dependent SUMO modification. Proc. Natl. Acad. Sci. USA 2006, 103, 45–50. [CrossRef]
[PubMed]
56. Mohideen, F.; Capili, A.D.; Bilimoria, P.M.; Yamada, T.; Bonni, A.; Lima, C.D. A molecular basis for
phosphorylation-dependent SUMO conjugation by the E2 UBC9. Nat. Struct. Mol. Biol. 2009, 16, 945–952.
[CrossRef] [PubMed]
57. Matic, I.; Schimmel, J.; Hendriks, I.A.; van Santen, M.A.; van de Rijke, F.; van Dam, H.; Gnad, F.; Mann, M.;
Vertegaal, A.C. Site-specific identification of SUMO-2 targets in cells reveals an inverted SUMOylation motif
and a hydrophobic cluster SUMOylation motif. Mol. Cell 2010, 39, 641–652. [CrossRef] [PubMed]
58. Hendriks, I.A.; D’Souza, R.C.; Yang, B.; Verlaan-de Vries, M.; Mann, M.; Vertegaal, A.C. Uncovering global
SUMOylation signaling networks in a site-specific manner. Nat. Struct. Mol. Biol. 2014, 21, 927–936.
[CrossRef]
59. Wells, N.J.; Fry, A.M.; Guano, F.; Norbury, C.; Hickson, I.D. Cell cycle phase-specific phosphorylation of
human topoisomerase II alpha. Evidence of a role for protein kinase C. J. Biol. Chem. 1995, 270, 28357–28363.
60. Kettenbach, A.N.; Schweppe, D.K.; Faherty, B.K.; Pechenick, D.; Pletnev, A.A.; Gerber, S.A. Quantitative
phosphoproteomics identifies substrates and functional modules of Aurora and Polo-like kinase activities in
mitotic cells. Sci. Signal 2011, 4, rs5. [CrossRef]
61. Liu, Q.; Wang, J.C. Similarity in the catalysis of DNA breakage and rejoining by type IA and IIA DNA
topoisomerases. Proc. Natl. Acad. Sci. USA 1999, 96, 881–886. [CrossRef] [PubMed]
62. Ishida, R.; Takashima, R.; Koujin, T.; Shibata, M.; Nozaki, N.; Seto, M.; Mori, H.; Haraguchi, T.; Hiraoka, Y.
Mitotic specific phosphorylation of serine-1212 in human DNA topoisomerase IIalpha. Cell Struct. Funct.
2001, 26, 215–226. [CrossRef]
63. Wells, N.J.; Hickson, I.D. Human topoisomerase II alpha is phosphorylated in a cell-cycle phase-dependent
manner by a proline-directed kinase. Eur. J. Biochem. 1995, 231, 491–497. [CrossRef]
64. Xu, Y.X.; Manley, J.L. The prolyl isomerase Pin1 functions in mitotic chromosome condensation. Mol. Cell
2007, 26, 287–300. [CrossRef]
65. Vassilev, L.T. Cell cycle synchronization at the G2/M phase border by reversible inhibition of CDK1. Cell Cycle
2006, 5, 2555–2556. [CrossRef]
66. Vassilev, L.T.; Tovar, C.; Chen, S.; Knezevic, D.; Zhao, X.; Sun, H.; Heimbrook, D.C.; Chen, L. Selective
small-molecule inhibitor reveals critical mitotic functions of human CDK1. Proc. Natl. Acad. Sci. USA 2006,
103, 10660–10665. [CrossRef]
67. Tavormina, P.A.; Come, M.G.; Hudson, J.R.; Mo, Y.Y.; Beck, W.T.; Gorbsky, G.J. Rapid exchange of mammalian
topoisomerase II alpha at kinetochores and chromosome arms in mitosis. J. Cell Biol. 2002, 158, 23–29.
[CrossRef] [PubMed]
68. Phair, R.D.; Gorski, S.A.; Misteli, T. Measurement of dynamic protein binding to chromatin in vivo, using
photobleaching microscopy. Methods Enzymol. 2004, 375, 393–414.
69. Bulgakova, N.A.; Grigoriev, I.; Yap, A.S.; Akhmanova, A.; Brown, N.H. Dynamic microtubules produce an
asymmetric E-cadherin-Bazooka complex to maintain segment boundaries. J. Cell Biol. 2013, 201, 887–901.
[CrossRef]
70. Yanagida, M. Clearing the way for mitosis: Is cohesin a target? Nat. Rev. Mol. Cell Biol. 2009, 10, 489–496.
[CrossRef]
Int. J. Mol. Sci. 2019, 20, 1238 25 of 25
71. Hirota, T.; Gerlich, D.; Koch, B.; Ellenberg, J.; Peters, J.M. Distinct functions of condensin I and II in mitotic
chromosome assembly. J. Cell Sci. 2004, 117, 6435–6445. [CrossRef] [PubMed]
72. Waizenegger, I.C.; Hauf, S.; Meinke, A.; Peters, J.M. Two distinct pathways remove mammalian cohesin from
chromosome arms in prophase and from centromeres in anaphase. Cell 2000, 103, 399–410. [CrossRef]
73. Ruchaud, S.; Carmena, M.; Earnshaw, W.C. Chromosomal passengers: Conducting cell division. Nat. Rev.
Mol. Cell Biol. 2007, 8, 798–812. [CrossRef] [PubMed]
74. Zeitlin, S.G.; Barber, C.M.; Allis, C.D.; Sullivan, K.F. Differential regulation of CENP-A and histone H3
phosphorylation in G2/M. J. Cell Sci. 2001, 114, 653–661. [PubMed]
75. Monier, K.; Mouradian, S.; Sullivan, K.F. DNA methylation promotes Aurora-B-driven phosphorylation of
histone H3 in chromosomal subdomains. J. Cell Sci. 2007, 120, 101–114. [CrossRef]
76. Polioudaki, H.; Markaki, Y.; Kourmouli, N.; Dialynas, G.; Theodoropoulos, P.A.; Singh, P.B.; Georgatos, S.D.
Mitotic phosphorylation of histone H3 at threonine 3. FEBS Lett. 2004, 560, 39–44. [CrossRef]
77. Dai, J.; Sultan, S.; Taylor, S.S.; Higgins, J.M. The kinase haspin is required for mitotic histone H3 Thr 3
phosphorylation and normal metaphase chromosome alignment. Genes Dev. 2005, 19, 472–488. [CrossRef]
78. Takahashi, Y.; Yong-Gonzalez, V.; Kikuchi, Y.; Strunnikov, A. SIZ1/SIZ2 control of chromosome transmission
fidelity is mediated by the sumoylation of topoisomerase II. Genetics 2006, 172, 783–794. [CrossRef]
79. Tammsalu, T.; Matic, I.; Jaffray, E.G.; Ibrahim, A.F.M.; Tatham, M.H.; Hay, R.T. Proteome-wide identification
of SUMO2 modification sites. Sci. Signal 2014, 7, rs2. [CrossRef]
80. Impens, F.; Radoshevich, L.; Cossart, P.; Ribet, D. Mapping of SUMO sites and analysis of SUMOylation
changes induced by external stimuli. Proc. Natl. Acad. Sci. USA 2014, 111, 12432–12437. [CrossRef]
81. Hendriks, I.A.; D’Souza, R.C.; Chang, J.G.; Mann, M.; Vertegaal, A.C. System-wide identification of wild-type
SUMO-2 conjugation sites. Nat. Commun. 2015, 6, 7289. [CrossRef] [PubMed]
82. Xiao, Z.; Chang, J.G.; Hendriks, I.A.; Sigurethsson, J.O.; Olsen, J.V.; Vertegaal, A.C. System-wide Analysis
of SUMOylation Dynamics in Response to Replication Stress Reveals Novel Small Ubiquitin-like Modified
Target Proteins and Acceptor Lysines Relevant for Genome Stability. Mol. Cell Proteom. 2015, 14, 1419–1434.
[CrossRef] [PubMed]
83. Lumpkin, R.J.; Gu, H.; Zhu, Y.; Leonard, M.; Ahmad, A.S.; Clauser, K.R.; Meyer, J.G.; Bennett, E.J.;
Komives, E.A. Site-specific identification and quantitation of endogenous SUMO modifications under
native conditions. Nat. Commun. 2017, 8, 1171. [CrossRef] [PubMed]
84. Hendriks, I.A.; Lyon, D.; Su, D.; Skotte, N.H.; Daniel, J.A.; Jensen, L.J.; Nielsen, M.L. Site-specific
characterization of endogenous SUMOylation across species and organs. Nat. Commun. 2018, 9, 2456.
[CrossRef] [PubMed]
85. Lee, M.T.; Bachant, J. SUMO modification of DNA topoisomerase II: Trying to get a CENse of it all. DNA
Repair (Amst.) 2009, 8, 557–568. [CrossRef]
86. Clarke, D.J.; Azuma, Y. Non-Catalytic Roles of the Topoisomerase IIalpha C-Terminal Domain. Int. J. Mol.
Sci. 2017, 18, 2438. [CrossRef]
87. Tatham, M.H.; Jaffray, E.; Vaughan, O.A.; Desterro, J.M.; Botting, C.H.; Naismith, J.H.; Hay, R.T. Polymeric
chains of SUMO-2 and SUMO-3 are conjugated to protein substrates by SAE1/SAE2 and Ubc9. J. Biol. Chem.
2001, 276, 35368–35374. [CrossRef]
88. Galanty, Y.; Belotserkovskaya, R.; Coates, J.; Polo, S.; Miller, K.M.; Jackson, S.P. Mammalian SUMO E3-ligases
PIAS1 and PIAS4 promote responses to DNA double-strand breaks. Nature 2009, 462, 935–939. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
